During the past two decades, problems of material process simulations and also dynamic and crash simulations have been considered for the design of safer lightweight roadside and gantry structures. Recently, large lattice space structural systems using specially-designed hollow lightweight profiles have been developed and manufactured for roadside and gantry systems. In addition to their low weight, these systems are competitive in terms of strength, dynamic performance, total system delivery, high design agility, and possibility of customization. Both continuous and discrete (discontinuous) numerical models can be used to simulate the material processes as well as dynamic performance of these lightweight hollow profiles where an efficient discretized numerical model can be developed. Additionally, to calculate accurate loading conditions during service for large highway structures, a novel numerical technique can be employed. For the research work herein, a novel dynamic mesh Computational Fluid Dynamics (CFD) technique along with the advanced Complex Damped Spectral-Eigen Technique (CDSET) for vibration of engineering systems has been developed. The production of high performance lightweight alloys for the design of road infrastructure is one of the main goals of material processes for mobility applications. The aim is to have materials with better properties and lighter weights. In the research work herein, an attempt has also been made to develop the required sophisticated tools for simulation of material processes to achieve hollow profiles with high strength, minimal defects and good dynamic and fatigue performances. Some of the outcomes of the first stage of the research work have been presented in this paper, where the integration of Eulerian-based melt (thermal-fluid) simulation has been carried out with a Lagrangian mechanical simulation (including defect modelling). One of the main contributions of this paper is to show the benefits of using simulation techniques to model and optimize the material processes for * Corresponding author. Tel.: +43 664 8251499; fax: +43 50550-6902.
Introduction
Effects of environmental wind gust and vehicle buffeting pressure wave loading have been considered for the design of large highway lattice structures (lightweight and/or hybrid steel-aluminium) in recent years, and special attention has been devoted to the dynamic responses, material strength and fatigue characteristics. The aerodynamically pressure waves generated by wind gusting and vehicle buffeting can induce vibration with a large number of stress cycles. Material fatigue from environmental wind as well as large vehicle buffeting shall be considered in the design of highway structures where buffeting loads generated by large vehicles can induce excessive cyclic stresses on a highway structure like gantries. These effects, combined with the environmental wind, may have profound design implication in terms of the fatigue life and vibration vulnerability.
These dynamic responses of roadside structural systems, under road traffic buffeting effects, can be classified into two major effects; firstly, it can induce significant cyclic stresses which have to be considered to avoid premature fatigue failures and secondly, it can have excessive vibration effects (flexural and torsional) which can either damage structural members and equipment (speed/traffic management camera) or prevent it working effectively. Although there have been a number of studies for the dynamic effects of environmental wind on highway structures, there is a very limited data available for the effects of vehicle buffeting. Until recently, studies of the wind and buffeting effects were confined to the full scale field studies or laboratory testing using wind tunnels. But with the rapid growth in computing power in recent decades, it is now possible to use numerical simulations to solve fluid dynamic problems.
In the research work herein, dynamic response and fatigue characteristics of large lightweight lattice structures under environmental wind and vehicle buffeting loads have been investigated using new simulation techniques. In the study herein, problems of gust and pressure wave loading have been considered for large highway lattice structures, and special attention has been devoted to the dynamic response and fatigue characteristics. The wind gusting and dynamic air pressure over large high sided vehicles generates aerodynamic vibration where a large number of stress cycles are generated. The characteristics of the analysis method have been shown graphically herein, using full documented numerical examples where the efficiency of the new simulation technique is highlighted. The purpose of this paper is to present a method, which improves the design of safe road side lightweight structural systems under environmental and vehicle buffeting loads.
Advanced moving mesh CFD technique
The problems of large vehicle pressure wave loading and also environmental wind gust have been a challenging issue for the analysis and design of conventional and lightweight road infrastructures. The use of new advance numerical technologies (i.e., advanced moving mesh CFD) can open up a new horizon for the simulation and design of large highway lattice lightweight and hybrid steel-aluminium structures. The most fundamental consideration in numerical fluid dynamics is how to treat a continuous fluid domain in a discretised manner on a computer. One method is to discretise the spatial domain into small cells to form a volume mesh (finite element or finite volume) or grid, and then apply a suitable algorithm to solve the equations of motion (Navier-Stokes equations for viscous flow). In many fluid dynamics engineering problems associated with moving boundary or mesh movement (i.e., moving vehicle), when there is a large domain deformations, accurate results can be obtained by simply repositioning existing node points (point cloud).
There are two conventional ways of doing this; firstly, by specifying the motion (velocity or displacement) of nodes on particular mesh regions, or by explicitly specifying the positions of all nodes in the mesh (Unterweger 2009 ). In the dynamic mesh finite volume approach, the Navier-Stokes differential equation and the mesh equation are often solved simultaneously for the physical parameters (i.e., pressure, velocity, temperature…) and the mesh. Consequently, there is no need for the interpolation of dependent variables from the old mesh to the new mesh (mapping scheme). This type of dynamic mesh methods is generally known as interpolation-free methods where interpolation of dependent variables from the old mesh to the new mesh is unnecessary (Kassiotis 2008) .
If the motions or velocities of the three dimensional boundaries (vehicle external boundaries) or mesh regions are known, they can be specified as displacements or velocities in the global coordinate system or as a relative displacement to the initial mesh coordinates. In many of the engineering problems these displacements or velocities might depend upon space, time, or any other domain variable. The displacement diffusion equation should be resolved to determine the mesh displacements throughout the remaining volume of the domain mesh. In recent years, the grid to grid interface (GGI) and multi-grid technologies are employed in the CFD solver engines to automatically preserve features of the domain mesh (i.e., inflated boundary layers). The stiffness of the mesh can also be varied which gives an ability to provides additional control over the resulting mesh distribution. The governing equations for prediction of compressible Navier-Stokes equations have already been established in many engineering literatures (Griebel et al. 1998 , Ferziger et al. 1999 , Spurk 1997 . The standard formulation of the conservation of the variable for a control volume V with moving boundaries can be written as,
( 1) where and u are the fluid density and velocity respectively, g u , and S are the velocity of moving mesh, diffusion coefficient and the source term. The time varying conservation term in Equation (1) can be numerically calculated using backward difference method,
The change in the control volume during the simulation can be written as,
where A j is the face area vector and f is the number of faces on the control volume. More comprehensive discussions about the dynamic mesh theory can be found in Unterweger (2009) . Among dynamic mesh methods, the moving finite volume method and the moving finite difference method have attracted considerable interest in recent years.
For the dynamic mesh finite difference method various finite difference algorithms have been developed in recent years (Donea et al. 2003 , Baines et al. 2011 . In some of these methods the spatial discretization is performed using a second order nonlinear Galerkin-based method while in others the moving mesh equation is written as moving mesh partial differential equations based on the equi-distribution principle, which is similar to interpolation-free methods. For these methods, the physical differential equations are basically discretized using central differencing. More practical aspects of formulation and solution of dynamic mesh partial differential equations are reviewed in Baineset al. (2011) . For this study, a finite volume dynamic mesh method has been employed as,
where j V is the velocity of boundary (vehicle) and j dn are the differential Cartesian components of the outward normal surface vector. The conservation equation for the control volume boundary can be written as,
where j U is boundary velocity. The fluid conservation law for each finite volume implies that the rate of change of its volume should balance the net volume swept due to the motion of the control volume boundaries, or
Where V and S denote volume and surface regions of integration respectively, P and eff are the fluid pressure and effective viscosity. This gives the integral conservation equations along with the equation (1). To avoid any accumulated numerical error a mathematical constrain has been applied to the rate of the change of volume due to the boundary velocity as,
The original finite volume and the swept volume calculations would both be satisfied at each time step for the analysis to converge at acceptable solution. The method uses a natural formulation to control mesh movement using both the solution to the differential equation and mesh by a process closely associated with equi-distribution of one error measure (ANSYS® Academic Research, V14, 2013) . In this method the residual of the original differential equation is written in finite volume form. Generally, there are two types of methods to simulate the dynamic mesh, location based and velocity based, the first method computes the new coordinates for the updated mesh by minimizing a variational form while the second method computes the mesh velocity using a Lagrangian like formulation (Baines et al. 2011) .
For a time-dependent mesh equation which is solved herein, along with the given differential equations simultaneously, it is not necessary to interpolate the dependent variables from the old to the updated mesh. Otherwise, some kind of interpolation is required to transfer the solution from the old to the newly generated mesh. The crucial point is that the important properties for the physical solutions should not be lost after moving the mesh. The design of safer roadside structures can only be carried out by accurately predicting their static, dynamic, fatigue and crush\collapse behaviour. The application of traditional simulation technique (Finite Element Method, FEM) to structural static and dynamics is popular and also successful. However, in order to guarantee stability and accuracy of the simulated behaviour, the material properties, loading (static and dynamic), size of time steps and number of elements (mesh size) used to model a structure have to be defined accurately.
Large space structures like gantries may be subject to vibration due to aerodynamic effects from environmental wind and/or vehicle buffeting. In addition to ultimate static forces considered for the design of these structures there are also other dynamic effects need to be considered in the safer design of these structural systems. These dynamic considerations can be classified into two major effects; firstly, it can induce significant cyclic stresses which have to be considered to avoid premature fatigue failures and secondly, it can have excessive vibration effects (flexural and torsional) which can either damage structural members and equipment or prevent it working effectively.
For the vehicle buffeting investigation using moving mesh CFD analysis, it is essential to carry out a verification study to validate the reliability and accuracy of the CFD results. A 3D verification case study has been carried out to verify the results of CFD dynamic mesh simulation compared to results of full scale field studies and also basic physical principals of fluid-structure interaction. In the study herein, a full scale field study of a HSV under cantilever mast reported by Flint & Neill Partnership (2004) has been simulated using the dynamic mesh CFD technology. A 3D HSV model along with a model of a signal box developed on the earlier stages has been exported to solver for vehicle buffeting analysis. The speed of the vehicle and the measurement points above the centreline of the vehicle are chosen to simulate the testing condition.
The first verification case is a passage of a HSV under a traffic signal box. Flint & Neill Partnership were appointed by the UK Highways Agency to undertake a study into the effects of buffeting of cantilever signal masts when HSV pass beneath them in 2004. The study was instigated to investigate the validity of design rules for HSV buffeting included in UK Highways Agency Departmental Standard, (BD 88/03 2003) and the results of the study are published in April 2004 (Flint & Neill Partnership 2004) . Figure 1 shows the full scale test setup including a cantilever mast, signal box and HSV vehicle. The 3D geometry model of the simulated test is also shown in figure 1 where the geometry of the cantilever is neglected due to its minor effects on the generated pressure wave. The overall dimensions of the HSV are taken into account for the 3D geometry model, although the overall shape is not identical to the real HSV. The movement of the HSV within the simulation domain (air at 25°C) and its generated pressure contours are also shown in the figure 1. The variations of peak pressure with height above centreline of the HSV are shown in figure 2 for measured and simulated results. Figure 2 also show the time history simulated pressure variation for different points above centreline of HSV as the HSV travelling under signal box. The positive pressures were increased as the front of the HSV approached the signal box while a pronounced suction was generated as the leading edge of the trailer passed beneath the box. This was followed by a decrease in the suction as the trailer passed beneath the box. A small negative pressure was then generated by the wake flow bubble behind the trailer. The peak negative pressure generated depends on the height of the point of calculation above the centreline of HSV with greater suctions closer to the vehicle. 
Novel spectral-eigen technique
To carry out the full dynamic simulation of the large lattice highway structural systems under the resulted fluid dynamic pressure wave, a novel damped spectral-eigen method , Horr et al. 2003 , Horr 1995 has been employed in this study. The novel frequency-domain damped spectral element approach (for dynamic method) benefits from the speed and accuracy of fast Fourier transform and the fractional derivative damping models . The complex spectral approach has already been discussed comprehensively by the author where the basic spectral formulation and the proposed numerical spectral element method have been given. The exact shape functions used to formulate spectral elements can also be used to find the natural frequencies and mode shapes of structures. Consider a simple case of a beam with pinned joints as shown in figure 3. Recalling the spectral solution for the flexural vibration of a beam (Horr 1995) as,
where is the wavenumber. The boundary conditions at each frequency steps are
which gives the four conditions in sine and cosine format as,
It can be seen that A=C=0 and also
The determinant of the matrix in this system of equations must be zero in order to have a non-trivial solution which is,
As the hyperbolic term is zero only when L=0, then
which gives the exact solution for the natural frequencies of the beam. An interesting point here is that as the spectral solution uses an exact stiffness formulation there is no limit on the frequency resolution. The exact solution of the governing differential equation of motion gives an infinity of discrete resonant frequencies (n=1,2,3,....).
To assess the efficiency of the spectral solution, consider a conventional numerical model of a beam based on an approximate interpolation shape function. The displacement, stiffness and consistent mass matrices can be written as, 
and for free vibration, the equation of motion can be written as, 
The natural frequencies can be obtained by letting the determinant equal zero, which gives,
The use of the approximate interpolation shape function generates about 10% error for the first natural mode, and about 25% error for the second natural mode compared with the exact solution (spectral solution) in Equation (13). It should be noted that as there are two degrees of freedom for this model, only the first two natural frequencies can be extracted in conventional method compared with the infinite mode numbers in the spectral method.
Advanced coupled fluid-mechanical simulation
As stated earlier, in the moving mesh finite volume approach, the Navier-Stokes differential and the mesh movement equations are solved simultaneously to calculate physical quantities like pressure, velocity, temperature and the mesh coordinates. This interpolation-free technique would enable the simulation of the mesh and boundary movements without the complicated mapping of variables from the old mesh to the new mesh. For the passage of HSV under the signal box, a series of rather complicated sub-domains have been generated to define the moving boundaries and reduce the accumulative errors. A carefully-setup controlling routines have also been implemented to define a finite volume meshes for different zones inside the subdomains and also boundaries.
To investigate the feasibility of innovative coupled fluid-mechanical approach for large lightweight gantries, a series of comprehensive field study-simulations have been carried out to establish the buffeting effects of HSV on real world large portal gantries. A second comprehensive field study has been setup (Flint & Neill Partnership 2006) using a full set of measuring devices (pressure & height sensors, ultrasonic anemometer and video cameras) to record the physical quantities during the passages of HSV´s under a large portal gantry. Figure 4 shows the gantry structure where the pressure waves have been measured at different height above the HSV in the slow lane. For this field study, a large portal highway gantry (in a busy highway) has been instrumented with pressure sensors, accelerometer and video cameras to record the full dynamic buffeting pressure wave.
For the numerical simulation study, the partial three dimensional geometry model of the large portal gantry is shown in Figure 5 where geometries of the gantry boom, traffic signals and a large traffic sign have been modelled. Both HSV and gantry models are imported into finite element meshing environment using appropriate coordinate system. The meshing has been carried out using advanced mesh control routines to create fine mesh zones for the areas of interest in the domain. Different variation of HSV dimensions (in terms of height, lorries with/without air deflectors) have been simulated to take into account the size and shapes of real world HSV traffic under the gantry. The variations of peak calculated pressure against the height above the centreline of the HSV and its smoothed design graph are shown in figure 5 . The numerical simulation of HSV passage under portal gantry have also shown in figure 5 at different time steps where the moving vehicle inside a fluid domain (air at 25°C) has been considered and all other environmental effects (wind gust…) are neglected. For the fatigue analyses of large portal gantry, the height of vehicle is adjusted to 4.4 m (typical vehicle height for fatigue analysis). As for the first field study (signal box case), the positive pressure was increased in this case as the front of the HSV approached the gantry while a significant negative pressure (suction) was generated as the leading edge of the trailer passed beneath the box. The numerical simulation has been stopped after recording the peak suction pressure to save CPU time and disk space (there are about five million cells in the simulation domain). The peak negative pressure generated depends on the height of the point of calculation above the centreline of HSV and it again shows a good agreement with the pressure data collected in [18] with greater suctions closer to the vehicle.
Design for vehicle buffeting
This section presents the novel coupled fluid-mechanical technique (using frequency-domain spectral analyses) for the safe design of large highway structures under buffeting pressure loading. Many analytical techniques have been developed over the years for treating the vibration of large portal gantry structures. However, by using the novel frequency-domain spectral element method (SEM), not only can the solution procedure take advantage of the exact shape functions, but the natural features of the formulation in the frequency domain add considerable efficiency to the solution. The final sets of comprehensive moving mesh CFD simulation runs have also been performed to establish the design graphs for new lightweight gantry structures (material strength and fatigue). The full three dimensional model of HSV and a typical large portal gantry (46m span), including its traffic signal boxes and large signs (UK standard), have been generated and meshed (see figure 6 ). Different vehicles (see table 1) with varying heights (with/without air deflector) and shapes (lorries with trailer, double-decker bus...) have been simulated passing under the gantry at different speeds. The whole matrix of "passage scenarios" has been carefully setup and the simulation runs have been carried out on parallel processing computer blades. 
Concluding Remarks
The lightweight design of passively safe road infrastructure has been discussed and it has been shown that the CFD dynamic mesh method combined with the novel SEM is capable of making accurate prediction of dynamic pressure loads for road infrastructure under vehicle buffeting loads. The approach is unique, as the conventional dynamic and fatigue treatments appears to lack efficiency and accuracy. The detail of field studies and three dimensional simulations were shown graphically, and the consistency of method has been investigated.
A brief theoretical basis of the dynamic mesh CFD technique and the complex SEM were presented and it was shown that these methods are capable of making accurate prediction of buffeting effects generated by moving boundaries and also the frequency-dependent dynamic characteristic of vibrating systems. The spectral-eigen solution has also been shown, and the consistency of method has been investigated. It can be concluded that the buffeting dynamic loads can be calculated and transformed to the frequency domain for dynamic analysis and the frequency domain equations of motion for damped and undamped vibrating structures can be constructed and solved in a straightforward manner. A series of full scale field studies have also been studied to calculate the pressure variations for passages of large vehicles under gantry structures. During these field studies, the pressure wave variations at different heights above the vehicle have been recorded and compared to the numerical moving mesh simulations. A series of transient fluid and also mechanical simulations have also been carried out using advanced moving mesh fluid flow theory to establish a scenario matrix for the design curves of vehicle buffeting effects. The comparative analyses of these recorded-simulation results show promising outcomes for the proposed coupled numerical technique.
